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ties	 differed	 between	high-	 and	moderate-severity	 patches,	 low-severity	 patches,	
and	unburned	patches	(all	p	<	0.05).	Bird	species	richness	varied	across	burn	severi-
ties:	 low-severity	 patches	 had	 the	 highest	 (5.29	±	1.44)	 and	 high-severity	 patches	
had	 the	 lowest	 (2.87	±	0.72).	Understory	woody	plant	 richness	was	highest	 in	un-
burned	(5.93	±	1.10)	and	high-severity	(5.07	±	1.17)	patches,	and	it	was	lower	in	mod-
erate-	 (3.43	±	1.17)	 and	 low-severity	 (3.43	±	1.06)	 patches.	We	 show	material	 fire	
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1  | INTRODUC TION
Globally,	changes	are	propagating	in	the	timing,	frequency,	intensity,	
and	attendant	 legacies	of	disturbances	 that	 lead	 to	unique	assort-
ments	of	plant	and	animal	species	in	many	ecosystems	(Turner,	2010;	
Vitousek,	Mooney,	Lubchenco,	&	Melillo,	1997).	Disturbance	 lega-
















2016;	 Peterson,	 2002).	 Because	 material	 legacies	 are	 determined	
by	the	particular	characteristics	of	a	disturbance,	alteration	of	dis-
turbance	regimes	often	involves	alteration	of	material	legacies	(e.g.,	







(Bowman	 et	 al.,	 2009;	 Keane	 et	 al.,	 2002;	 Twidwell	 et	 al.,	 2016).	
Human	 actions	 that	 reduce	 fire	 severity,	 frequency,	 and	 distribu-
tion	 can	 unintentionally	 eliminate	material	 legacies	 that	 keep	 sys-
tems	within	“safe	operating	spaces”	(Carpenter,	Brocks,	Folke,	Nees,	
&	 Scheffer,	 2015;	 Dale	 et	 al.,	 2001).	 For	 instance,	 current	 forest	
management	policies	often	attempt	to	constrain	fire	regimes	to	low	
severity,	suppress	fire	altogether,	or	mitigate	effects	of	severe	and	
mixed-severity	 fires	 via	 thinning	 treatments	 or	 post-fire	 salvage	
logging	 (Covington	et	 al.,	 1997;	Reynolds	 et	 al.,	 2013).	 Efforts	 are	
growing	to	disentangle	past	fire	legacies	from	contemporary	trajec-
tories	in	order	to	determine	their	role	in	shaping	historical	ecosystem	







Ponderosa	pine	 (Pinus ponderosa)	 forests	of	North	America	are	
fire-dependent	 systems	 thought	 to	 require	 only	 frequent,	 low-in-
tensity	fire	to	retain	safe	operating	space	and	biodiversity	(Brown,	
Agee,	&	Franklin,	2004;	Scholl	&	Taylor,	2010).	Recent	studies	have	
questioned	 these	assumptions:	 they	suggest	 that	historically,	pon-
derosa	 systems	 also	 experienced	mixed-severity	 fires,	 defined	 by	




area	 (Williams	&	Baker,	 2012;	 Figure	 1).	 Further	 studies	 have	 de-
bated	the	importance	of	mixed-severity	fire	in	maintaining	ponder-










by	an	ecotonal,	 patchy	 spatial	 distribution	of	ponderosa	monocul-
tures	within	grassland	matrices	at	 landscape	scales	(Brown	&	Sieg,	
1999).
Despite	 the	 debate	 on	 its	 historic	 prevalence,	 examples	 exist	
of	 mixed-severity	 fire	 and	 resultant	 legacies	 promoting	 diversity	
in	 ponderosa	 pine	 systems	 (DellaSala	 et	 al.,	 2017;	 Figure	 1).	 For	
F I G U R E  1   Images	of	a	typical	study	site	sampled	in	the	summer	of	2016	for	unburned	forest	and	low-,	moderate-,	and	high-severity	
burned	forests	from	the	1989	Fort	Robinson	wildfire
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example,	 the	 diversity	 of	 biotic	 structures	 (e.g.,	 varying	 snag,	 live	
tree,	 and	 coarse	woody	 debris)	 resulting	 from	mixed-severity	 fire	















ingly	 difficult	 task	 due	 to	 pervasive	 human	 alterations	 of	 legacies	
(Donato	et	al.,	2006;	Hutto	&	Patterson,	2016).	Additionally,	quan-
tifying	 the	 role	 of	 mixed-severity	 fires	 in	 structuring	 ponderosa	
systems	where	 their	 prevalence	 is	 unknown	 but	 are	 nevertheless	
considered	 “catastrophic	 threats”,	 such	 as	 in	 eastern	 ponderosa	
pine	systems	(Schneider,	Humpert,	Stoner,	&	Steinauer,	2005),	pro-
vides	data-driven	assessment	of	the	impacts	of	mixed-severity	fire	
on	 shaping	ecosystems.	Here,	we	aim	 to	quantify	 the	 characteris-
tics	 and	 persistence	 of	 material	 legacies	 that	 arise	 from	 variation	
in	fire	severity	 in	an	eastern	ponderosa	pine	forest.	We	quantified	
biotic	 residuals	of	disturbance	 (one	aspect	of	material	 legacies)	by	
measuring	 forest	 stand	 structure	 (tree	 density	 and	 coarse	woody	





2  | MATERIAL S AND METHODS
2.1 | Study site





























Ridge	 escarpment,	much	 of	which	 occurred	within	 Fort	 Robinson	
State	Park	and	the	Peterson	Wildlife	Management	Area	(42.6693°N,	
103.4689°W;	 Figure	 2).	 We	 define	 mixed-severity	 fire	 following	
Agee's	 (1990,	1993)	definition,	where	20%	to	70%	of	 the	 fire	 that	
occurred	 in	 forested	 areas	 was	 stand	 replacing.	 Approximately	
1,330	ha	were	classified	as	high-severity,	3,604	ha	as	moderate-se-
verity,	and	5,971	ha	as	low-severity	within	the	fire	perimeter.	Areas	









In	 summer	2016,	we	 collected	data	 at	 Fort	Robinson	State	Park	
and	 the	 Peterson	 Wildlife	 Management	 Area,	 two	 public	 lands	
within	the	Pine	Ridge	Escarpment	that	burned	in	the	Fort	Robinson	
wildfire	 of	 1989.	We	 selected	 3,598	ha	 with	 adequate	 road	 ac-
cess	within	 these	public	 lands	 that	captured	a	 full	 range	of	burn	
severities	and	unburned	 forest	 (Figure	2).	Unburned	and	burned	
forest	 sites	 occurred	 on	 the	 same	 butte	 system,	 separated	 by	 a	
~4	km	pasture	area.	Burn	severity	classes	followed	the	Monitoring	
Trends	 in	 Burn	 Severity	 project	 (MTBS,	 2016)	 severity	 designa-
tions	(unburned	forest,	low-severity	burned	forest,	moderate-se-
verity	 burned	 forest,	 high-severity	 burned	 forest;	 Eidenshink	 et	
al.,	2007).
We	used	a	stratified-random	design	to	distribute	14	sampling	
sites	 in	 each	 of	 the	 four	 burn	 severity	 classes	 for	 a	 total	 of	 56	








grassland,	was	present	 at	 the	 time	of	 the	wildfire	 for	 each	burn	
class.	We	separated	all	sites	by	a	minimum	of	100	m	(Buckland	et	
al.,	2001).
To	 identify	 legacy	 effects	 27	years	 after	 a	 mixed-severity	
fire,	 we	 collected	 forest	 stand	 structure,	 understory	 woody	
plant	 community,	 and	 bird	 community	 data	 at	 each	 sampling	








defined	 live	 trees	as	woody	plants	 standing	≥1.4	m	 (diameter	at	
breast	height).	Similarly,	we	defined	snags	as	free-standing	dead	
trees	≥1.4	m	 in	 height.	Because	of	 tree	 scarcity	 across	many	of	
our	 sites,	 we	 only	 measured	 trees	 up	 to	 100	m	 from	 the	 point	
center.	 If	no	trees	were	within	this	distance,	we	entered	a	value	
of	101	m.
To	 sample	 coarse	 woody	 debris	 (woody	 debris	 with	 a	 diameter	
greater	than	or	equal	to	10	cm;	CWD),	we	established	a	30-m	transect	
in	a	randomly	selected	north–south	or	east–west	direction	at	each	site.	
We	measured	 the	 length	of	 the	 transect	 line	 that	was	 covered	with	
CWD	and	then	divided	this	value	by	the	total	transect	length	(30	m),	
multiplied	by	100,	to	determine	the	percent	CWD	cover	at	each	site.
2.4 | Understory woody plant community 
composition
To	 estimate	 understory	woody	 plant	 community	 composition,	 we	
collected	species	presence–absence	data	at	each	sampling	site.	We	
defined	understory	woody	plants	as	woody	plants	<1.4	m	in	height	
(i.e.,	 less	 than	diameter	at	breast	height	 level).	We	distributed	 five	
circular	sampling	plots	with	5-m	radii	around	each	sampling	site.	We	
placed	one	at	 the	center	of	 the	sampling	site,	and	 the	 four	others	
15	m	from	center	of	the	sampling	site	in	each	of	the	cardinal	direc-
tions.	In	each	plot,	we	recorded	all	understory	woody	plant	species	




species	 presence–absence	 data.	 At	 each	 sampling	 site,	we	 recorded	
bird	species	presence	with	visual	and	acoustic	point-count	surveys.	We	












We	 used	 general	 linear	models	 to	 test	 for	 legacy	 effects	 of	 burn	
severity	 on	 tree	 density	 and	 CWD	 cover.	 To	 differentiate	 legacy	
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effects	on	patterns	in	live	trees	and	snags,	we	developed	separate	
models	for	 live	tree	and	snag	density	data.	Where	necessary,	data	










ordination.	 Because	 our	 data	were	 presence–absence	 and	 fit	 uni-
modal	 assumptions	 (i.e.,	we	 sampled	 across	 the	 full	 range	of	 burn	
severities),	 we	 use	 canonical	 correspondence	 analysis	 (CCA),	 set-
ting	 burn	 severity	 as	 the	 constraining	 variable	 (Palmer,	 1993).	We	
estimated	 the	mean	center	 and	95%	confidence	 limits	 for	 the	 site	
ordination	 scores	of	 each	burn	 severity	 category	 for	 the	 first	 two	
CCA	axes.
Following	 ordination,	 we	 used	 a	 permutational	 multivariate	
analysis	of	variance	(PERMANOVA)	to	confirm	any	significant	com-





PERMANOVA	 can	 be	 sensitive	 to	 variability	 between	 groups,	
we	 tested	 for	 homogeneity	 of	 variances	 for	 all	 comparisons	 using	







p	<	0.001)	 and	 dead	 (F3,33	=	18.250,	 p	<	0.001;	 Supporting	
Information	 Table	 S1;	 Figure	 3)	 tree	 density	 27	years	 after	
fire	 (Figure	 1).	 The	 live	 tree	 density	 generalized	 linear	 model	
(y	=	1.221	+	2.646	 (low)	+	0.816	 (moderate)	+	5.184	 (un-
burned))	 indicated	 that	 low-severity	 burn	 and	 unburned	
classes	 were	 positively	 related	 to	 tree	 density	 (p	≤	0.001;	
Supporting	 Information	 Table	 S1).	 Only	 the	 unburned	 class	




levels,	except	moderate	and	high	severities	(t	=	0.816,	p = 0.597 
Supporting	 Information	 Table	 S1).	 Snag	 density	 only	 distin-
guished	unburned	patches	 from	burned	patches	 (all	p < 0.001; 
Supporting	Information	Table	S1).
3.2 | Coarse woody debris
Coarse	 woody	 debris	 varied	 across	 the	 burn	 severity	 gradient	
27	years	 after	 fire,	 with	 fire	 severity	 being	 a	 significant	 predictor	
of	 coarse	 woody	 debris	 cover	 (F3,56	=	16.74,	 p	<	0.001;	 Figure	 3;	
Supporting	Information	Table	S1).	Our	coarse	woody	debris	model	
indicated	 that	 moderate	 and	 high	 severities	 had	 similar	 coarse	



















the	 three	 constrained	 axes	 explained	 59.6%,	 22.9%,	 and	 17.5%	
of	total	constrained	variance,	respectively.	Because	the	first	two	
CCA	axes	explained	approximately	83%	of	 the	 total	 constrained	
variance,	we	only	 considered	 these	axes	 in	 the	 results.	The	 first	
CCA	 axis	 distinguished	 burned	 and	 unburned	 communities,	 and	
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the	 second	 CCA	 axis	 differentiated	 high-severity	 communities	
from	moderate	and	low-severity	communities	(Figure	5).	The	mean	
and	95%	confidence	limits	of	the	constrained	site	scores	from	the	
first	 and	 second	 CCA	 axes	 and	 PERMANOVA	 results	 confirmed	
that	burn	severity	was	a	significant	predictor	of	understory	woody	
plant	 community	 composition	 27	years	 after	 wildfires	 (pseudo	




p	=	0.002;	 Supporting	 Information	 Table	 S3).	 Low-	 and	 moder-
ate-severity	communities	were	not	different	(F	=	0.663,	p	=	0.624;	
Supporting	 Information	 Table	 S3).	 High-severity	 communities	
differed	 from	 all	 others	 (all	 F	>	5.680,	 all	 p	<	0.005;	 Supporting	
Information	 Table	 S3).	 Ordination	 showed	 that	 Pinus ponderosa 
strongly	 associated	 with	 unburned	 sites;	 additionally,	 two	 Ribes 
species	(Ribes oxyacanthoides	and	Ribes aurem),	Prunus americana,	
Prunus virginiana,	Ribes odoratum,	and	some	mesophilic	plants	such	
as	Mahonia repens	 and	 Acer negundo	 associated	 with	 unburned	
sites	 (Figure	 5).	 Prunus virginiana	 and	 Ribes odoratum	 were	 also	
associated	with	high-severity	 sites;	Rosa woodsii,	Symphoricarpos 
occidentalis,	and	Ribes americanum	were	also	common	in	high-se-
verity	 sites	 (Figure	 5).	Moderate-	 and	 low-severity	 communities	
showed	high	overlap	and	shared	several	 species	 including	Ulmus 
americana,	 Juniperus communis,	 Ericameria sp.,	 Gutierrezia saro‐
thrae,	Rhus trilobata,	and	Toxicodendron radicans (Figure	5).
3.4 | Bird community composition
We	observed	40	bird	species	throughout	the	study	area	(Supporting	
Information	Table	 S4).	We	observed	 a	 total	 of	 14	 species	 in	 high-
severity,	19	in	moderate-severity,	24	in	low-severity,	and	23	in	un-
burned	classes	(Supporting	Information	Table	S4).	We	also	detected	





severities:	 low-severity	 patches	 had	 the	 highest	 (5.29	±	1.44)	 and	
high-severity	patches	had	the	lowest	(2.87	±	0.72;	Figure	4).
Like	 understory	 woody	 plant	 community	 composition,	 in	 the	
bird	 CCA,	 constraints	 explained	 10.1%	 of	 the	 variance,	 and	 the	
three	 constrained	axes	explained	59.3%,	24.5%,	 and	16.3%	of	 the	
total	constrained	variance.	Again,	the	first	and	second	CCA	axis	site	
scores	 differentiated	 three	 bird	 communities	 (explaining	 approx-





results,	 demonstrating	 that	burn	 severity	was	a	 significant	predic-
tor	of	bird	community	composition	(pseudo	F3,53	=	6.193,	p = 0.001; 
Supporting	 Information	Table	S3),	and	the	PERMDISP	did	not	 find	
heterogeneity	 in	 spread	 (pseudo	F3,53	=	0.840,	p	=	0.479).	Multiple	
PERMANOVA	 comparisons	 reiterated	 differences	 shown	 in	 the	
CCA	 (Supporting	 Information	 Table	 S3).	 Bird	 communities	 did	 not	
differ	between	high-	and	moderate-severities	(F	=	1.284,	p	=	0.260),	




capped	 Chickadee,	 Cedar	 Waxwing,	 and	 Plumbeous	 Vireo,	 and	
unburned	sites	were	also	loosely	associated	with	some	cavity-nest-
ing	species	such	as	American	Kestrel,	Eastern	Bluebird,	and	House	
Wren	 (Figure	5).	 Low-severity	 sites	 shared	 species	with	unburned	
sites	 such	 as	House	Wren,	 Spotted	 Towhee,	 American	Goldfinch,	
and	Chipping	Sparrow	(Figure	5),	and	low	severity	also	shared	some	
species	with	high-/moderate-severity	 sites,	 including	 several	 open	
habitat-associated	 species	 such	 as	Western	Meadowlark,	 Cassin's	
Kingbird,	 and	Rock	Wren,	 as	well	 as	 some	 late	decay	 stage	 cavity	
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forest.	We	 identified	 distinct	 tree	 densities,	 coarse	woody	 debris	
cover,	understory	woody	plant	communities,	and	bird	communities	
across	 the	 current	 landscape	which	 coincide	with	 a	 burn	 severity	
gradient	from	a	fire	that	occurred	27	years	prior	to	sampling.	Stand	
structure,	understory	woody	plant	communities,	and	bird	commu-
nities	 differed	 between	 unburned,	 high-severity,	 and	 low-severity	
burn	 patches.	 Even	 27-year	 post-fire,	 low-severity	 burn	 patches	
hosted	 many	 grassland	 bird	 species	 (e.g.,	 Western	 Meadowlark,	
Cassin's	 Kingbird)	 that	 were	 absent	 in	 unburned	 forest	 patches	
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bird	communities	and	with	low	severity	in	coarse	woody	debris	and	




severities;	 further,	 we	 show	 that	 high-severity	 patches	 supported	
higher	understory	woody	plant	species	richness	than	moderate-	or	
low-severity	patches	27-year	post-fire.	Thus,	our	study	is	among	the	
first	 to	 show	 that	 mixed-severity	 fire	 produces	 multidecadal	 ma-
terial	 legacies	 that	 support	unique	 species	assemblages	 in	eastern	
ponderosa	 pine	 systems.	 This	 contrasts	with	 the	 assumption	 that	
mixed-severity	fire	represents	a	“catastrophic”	stressor	for	eastern	
ponderosa	 systems	 (Schneider	et	 al.,	 2005).	Our	 results	 also	build	
upon	 shorter-term	 studies	 in	 conifer	 systems	 demonstrating	 how	
fire	legacies	influence	structure	in	burned	versus	unburned	forests	
(Fontaine,	Donato,	Robinson,	Law,	&	Kauffman,	2009;	Hutto,	1995)	





2008;	Stevens-Rumann,	Sieg,	&	Hunter,	2012).	 In	 the	 first	decade	
following	a	mixed-severity	 fire	 in	western	ponderosa	systems,	 live	
trees	are	known	to	experience	high	mortality	(and	conversely	 lead	
to	 greater	 snag	densities)	 in	 high-	 and	moderate-severity	 patches,	




Passovoy	and	Fulé	 (2006)	 found	ponderosa	 snag	densities	decline	
sharply	 in	 the	 decades	 following	 the	 fire	 event;	 our	 results	 echo	
these	 and	 add	 that	 snag	 densities	were	 statistically	 indistinguish-











and	continue	 to	 influence	biotic	 communities.	For	 instance,	 in	 the	
same	system,	Keele	et	al.	 (2019)	found	that,	when	comparing	mul-









and	 27-year	 post-fire:	 for	 example,	 Yellow-rumped	 Warbler	 and	




And	 while	 other	 studies	 on	 understory	 woody	 plant	 community	
responses	 to	 mixed-severity	 fire	 also	 show	 that	 higher	 severities	
promoted	diversity	in	the	first	decade	post-fire	(Abella	&	Fornwalt,	




Moving	 beyond	 the	 assumption	 of	 identical	 starting	 points	 on	
pre-disturbance	 landscapes	 (i.e.,	 burned	 vs.	 unburned)	 and	 quan-
tifying	 the	 influence	 of	 past	material	 legacies	 on	 current	 patterns	
will	 allow	 scientists	 to	 more	 fully	 disentangle	 the	 effects	 of	 fire	
legacies	 on	 biodiversity	 (i.e.,	 information	 legacies)	 and	 forest	 per-
sistence	(Johnstone	et	al,	2016;	Peterson,	2002).	Many	studies	(in-
cluding	ours)	operate	under	the	assumption	of	an	identical	starting	
point	 for	 all	 patches	 (Carpenter	 et	 al,	 2015;	Twidwell	 et	 al,	 2016).	
This	assumption	can	prevent	understanding	of	the	extent	to	which	
past	material	legacies	persist	to	influence	structure	and	function	of	
a	 system	and	 similarly	how	 these	 legacies	 interact	with	other	dis-
turbances	and	 landscape	 features	 that	 function	at	different	scales	
(Turner,	2010).	For	instance,	our	study	site	is	fragmented	by	human	



















on	 a	 climax	 or	 idealized	 ponderosa	 pine	 system	 state	 excludes	
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